Germania glass was prepared from high purity GeO 2 powder. Refractive-index dispersion was used to calculate material dispersion and to provide a model for representing the dispersion of GeO 2 -SiO 2 glasses. The wavelength of zero material dispersion is found to be in agreement with theoretical calculations. Modal propagation is modeled for a GeO 2 core-silica clad fiber. Results support compositional dependence of profile dispersion in GeO 2 -SiO 2 fibers.
Introduction
The GeO 2 -SiO 2 glass system has important applications in fiber optics and optical communications.
The high silica end of the binary (<20 mole % GeO 2 ) is currently of greatest interest. However, interest is increasing in the high germania side for the following reasons. As silica, germania is an excellent glass former. Few other oxides form glasses as readily. Additionally, previous calculations have shown GeO 2 glass might exhibit a lower optical loss window than that of high SiO 2 containing glasses currently used for lightguides as a result of reduced Rayleigh scattering at longer wavelengths.14 Supporting its use as a lightguiding medium, the point of zero material dispersion was calculated to fall within the low loss window.
For the purpose of understanding the optical properties of GeO 2 -SiO 2 glasses throughout the complete system a model of refractive-index dispersion based on a three-term Sellmeier dispersion relation is reported. Little is known about the refractive-index dispersion of glass containing >20 mole % GeO 2 due to the difficulty in fabricating suitable specimens of good optical quality. The model can be used for accurate calculations of the dispersive properties of an entire material system if the characteristics of the end members are known. It is suggested as a replacement for the linear dependence of index on composition which is often employed in refractive-index calculations.
Another goal in the model construction is to discern the nature of profile dispersion in this system and to assess its importance to the bandwidth of GeO 2 monly used to describe the optimum profile shape for minimizing intermodal dispersion in multimode optical fibers. This relationship is correct only if the refractive index and the first derivative of refractive index are both linearly dependent on composition. If this assumption is incorrect, the profile which optimizes bandwidth will not be a power law relationship. The model for refractive-index dispersion can be used to discern the profile dispersion and the possible error resulting from the above linearity assumption.
II. Experimental
The germania glass was prepared by melting 99 .9999% pure hexagonal GeO 2 powder in a Pt.-foillined alumina crucible. Melting was done at 15500C
in an electric resistance furnace open to the atmosphere.
The material was held at this temperature for 2 h, which was sufficient to permit fining of the melted batch. From the melting furnace it was transferred to an annealing furnace preheated to 7000C. The sample was soaked at 7000C for 1 h and then cooled to room temperature at 200C/h. The resultant glass has good homogeneity. A prism was fabricated from a piece of this sample having a prism angle of 300 and prism faces polished to 1/10 wave flatness. Another piece was polished for optical attenuation measurement. The indices of the GeO 2 prism were determined at 38 wavelengths from 0.36 to 4.3 ,um. An automated refractive-index measurement facility, employing the autocollumation technique, with a precision of 2 X 10-5 was used for the measurements. 5 The temperature of the prism during measurement varied from 22 to 260C. Two or three measurements were made at each wavelength on different days. The same sample was used for all measurements and was kept in a dry N 2 environment to avoid moisture attack throughout the experiment. No such attack was observed. The standard deviation of the measurements is <4 X 10-5. Index measurements were fit to a three-term Sellmeier dispersion relation of the form (1), the point of zero material dispersion is found to be 1.738 Azm. This is a good agreement with recent theo- retical calculations", 2 4 and in excellent agreement with recent measurements by other investigators." Figure   1 shows the material dispersion as a function of X for this GeO 2 glass.
While this specimen gives no indication of the optimum loss obtainable with GeO 2 glass, absorption measurements show that the intrinsic IR absorption is far removed from the region of zero material dispersion. Figure 2 shows the transmission characteristics of this material. The apparent variation in loss in the transparent region is an artifact of the sample surface quality.
The Sellmeier parameters for GeO 2 obtained from the fit provide an opportunity for modeling the refractiveindex dispersion of all GeO 2 -SiO 2 compositions. These parameters represent characteristics of the intrinsic absorption bands of the material, and it has been shown that a three-term Sellmeier equation with two oscillators in the UV and one in the IR provides a very precise representation of refractive-index data. Since there is a physical link between the parameters and structural characteristics of the materials, one can assume that as the composition of a glass is changed by the addition of a second component, the Sellmeier coefficients are going to shift in a continuous fashion. It is proposed that such is the case for the GeO 2 -SiO 2 system and that the variation of any parameter from the best fit value for SiO 2 to that for GeO 2 can be approximated by a simple linear relationship involving the respective parameters of the end members. The relationship is dependent only on composition and can be represented as follows:
where SA, Si, GA, Gi are the Sellmeier coefficients for the SiO 2 and GeO 2 glasses, respectively, and X is the mole fraction of GeO 2 . This general type of model has been used by others'12" 3 on various binary glass systems.
In those studies agreement with predicted and empirically determined index values was found to be good. Equation (2) has been used to determine n vs composition at 0.5893 Aim for which most of the index data on GeO 2 -Si0 2 glasses have been measured. Figure 3 shows a comparison of measured refractive-index values available in the literature 5 ' 9 -1""14' 7 and those calculated from the model. In Fig. 4 the variation is shown for the composition range currently most often employed in lightguide fabrication. Included in Fig. 4 are measurements made on a fiber having several steps of different GeO 2 concentration. 1 8 The parameters used in Eq. (2) . Again it can be seen that the representation is good. An important observation of the 1.362 2 -ttm data is that Eq. (2) yields less of a straight line at longer wavelengths. This is particulary true in the wavelength range of anomalous dispersion around the zero material dispersion wavelength.
The samples from which the parameters of the Sellmeier equation were obtained were annealed glasses.
As shown in Fig. 4 For a specific range of compositions where the amounts of only two components are varying, the same model can be applied with greater accuracy. For example, given the parameters for SiO 2 and 0.135GeO 2 -0.865SiO 2 glasses a model could be obtained which provides dispersion estimates for glasses in the encompassed composition range.
B. Modal Dispersion
To minimize modal dispersion in multimode lightguides the refractive-index profile of the core is tailored so that the various modes of light traversing a length of fiber do so at the same rate. Modal dispersion is dependent on the first derivative of the refractive index with respect to wavelength for the material at any point in the lightguiding part of the fiber. With the correct choice of materials comprising this optically active portion of the fiber, the intermodal dispersion can be greatly reduced. This material choice is based on n and dn/dX. The objective is a fiber in which the refractive-index profile has a specific shape and specific variation in shape with wavelength.
The radial index profile can be described by
where f(r,a) is the profile function, r is the distance from the fiber axis, a is the core radius, and A = (n -n2)/nl, where n is the axial core refractive index, and n 2 is the cladding refractive index. This is a general refrac- There is no theory in the physics of light propagation in solids, which suggests that a linear relationship between n and dn/d X should exist in even a simple glass system. A model such as Eq. (2) has more theoretical justification because it involves the characteristics of the material responsible for dispersion. However, the variation of dn/dX with n as a function of changing composition may be sufficiently close to linear that this becomes a good approximation. This has appeared to be the case when dealing with small dopant additions such as 0-10 mole % of GeO 2 in SiO 2 and has lead to high bandwidth multimode fibers. One can readily see that Eq. (2) will not provide such a linear relationship. As shown in Fig. 7 , n and dn/d X are clearly not linearly related for GeO 2 -SiO 2 glasses at X = 1.0 jam. Similar behavior is observed at other wavelengths. However, as shown in Fig. 8 If it is assumed that Eq. (2) accurately models the dispersion behavior in the GeO 2 -SiO 2 glass systems, there exists a relationship between n and dn/dX, which appears to closely approximate a linear relationship between the above two quantities. Indeed, as shown in Figs. 3-6 , the deviation from a linear relationship between n and concentration is from the figures almost undetectable. Therefore, the optimum profile shape should be the same for all waveguides comprised of any core-cladding glass combination in the GeO 2 -SiO 2 glass system as has been previously predicted.
2 0 However, considering the extremes of a GeO 2 core and a SiO2 cladding, these glasses have such markedly different dispersive characteristics that it is not expected that a lightguide comprised of them will have the same optimum profile shape as, for example, a lightguide with a 0.10GeO 2 -0.90SiO 2 core and an SiO 2 cladding. Figure  9 shows a comparison of the optimum a vs X characteristics of a GeO 2 core lightguide computed from the bulk data and that for an approximately 0.13GeO 2 The quantity P is the profile dispersion parameter. For the assumption of a constant profile dispersion it is a constant. The data in this figure clearly indicate that profile dispersion varies in fibers comprised strictly of GeO 2 -SiO 2 glasses. Another significant feature of the data in Fig. 9 is that there is good agreement between the bulk and fiber determinations within this, wavelength range for the 0.23 N.A. fibers. Considering the reported variation in the calculation (G0.02), 2 2 , 23 at a low confidence level, there is insufficient evidence to reject a hypothesis that the curves are the same at any wavelength in this range regardless of the source of data or method of calculation.
The effect on profile dispersion of a slight deviation from linearity in n and dn/dX can be examined using Eq. (2). The optimum a was determined for the following lightguides using calculations from Eqs. (2) and (4) having a GeO 2 core and a 0.91GeO 2 0.09SiO 2 cladding, and a 0.3 N.A. fiber having a GeO 2 core and a 0.81GeO 2 * 0.19SiO 2 cladding. The results appear in Fig. 10 . As can be seen slight deviations from the linearity assumption can cause variations in the optimum profile shape. Again, since there is no physical reason to predict a truly linear relationship between n and dn/dX, the assumption is possibly erroneous and could affect the accuracy of an optimum profile shape calculated using a relationship based on that assumption. One can get an indication of the relative magnitude of the error in calculation by comparing the optimum profile data obtained from an exact numerical solution to Maxwell's equations such as that of Peterson et al. with that using approximation methods such as employed above. 2 6 For convenience, the exact numerical solution results are also shown in Fig. 9 for a fiber having a 0.135GeO 2 * 0.865SiO 2 core and a SiO 2 cladding. In this case the difference in optimum a is -0.03. While this is a significant variation with regard to modal dispersion, it is not large from the perspective of current manufacturing and profile measurement methods.
Examining the bulk data given in Fig. 8 , linear regression of dn/dX on n suggests a very poor linear dependence as does the graph. Analysis of variance on the data of this author employing the F test indicates that there is reason to reject the hypothesis that the data are linearly related. The confidence level is >90% (P < 10%). A normal distribution and constant variance are assumed for the population.
Also appearing on Fig. 8 are computed values obtained from the work of Kobayashi et al. 1 4 and Shibata et al. 2 7 These measurements on glasses made by VAD are in the same range as those obtained in the present study. Insufficient data were presented in the respective publications to permit a calculation of standard deviation. However, it is reported in Ref. 14 that the standard deviation in the index measurement was 1 X 10-. The reason for this larger deviation seems to be the result of composition fluctuations inherent to the glass fabrication technique. These composition changes caused index variations approaching 5 X 10-4.
The quality of the fitting routine used to fit the model to their data must also be considered. Without measurements of the standard deviation a determination of the applicability of a linear model to the VAD specimen data cannot be made. However, the published values plotted in Fig. 8 do not support a linear model considered separately or jointly with the other measurements. Experimental evidence on bulk samples appears sufficient to reject the assumption of constant profile dispersion.
The observed compositional change in refractiveindex dispersion may be a result of complex structural variations within the specimens which are dependent on composition and fabrication technique. There is an interesting correlation between the Raman spectra of the GeO 2 -SiO 2 glasses and the observed dependence of dn/dX on n. Examination of Fig. 8 indicates the inflection between the index values for 4.1 and 7.1 mole % GeO 2 . This appears to be the compositional region of most pronounced fluctuation regardless of wavelength. Sproson et al. 2 8 found that a new peak was observed in this composition range and that another discontinued its growth. Perhaps these structural changes are largely responsible for the nonlinearity of dn/dX and n in this composition range.
The bulk data indicate a greater nonlinearity in n and dn/dX than does the model. To evaluate the effect this will have on profile shape it is possible to calculate the magnitude and direction of the change in profile shape with wavelength which would result from the dispersion indicated by the bulk sample measurements. Using the power-law-profile equation the refractive index as a function of core radius was computed for a fiber having a 50-Am o.d. core, a 13. approximately that used for most graded-index multimode lightguides. The refractive index was calculated at 2.5 X 10-2 -Am increments across the core. These values were then compared with the refractive indices at 0.6328 Am for the measured glasses, and in this way the positions of the compositions in the core were obtained. These positions, of course, do not vary with wavelength. Next, the profile shape for the fiber was determined at 1.28 Aim. This is the wavelength for which the profile having an a of 1.88 should be roughly optimized (see Fig. 9 ). From this profile the refractive index values at the material positions were found. These values are those which the compositions should have acquired were there constant profile dispersion. These indices were compared with the actual numbers determined from the Sellmeier dispersion relation. The variations in index profile were as follows: 1.8 % GeO 2 ,
1.11 X 10-5; 2.9 % GeO 2 , 1.53 X 10-4; 4.1% GeO 2 , 1.14 X 10-4, 7.1% GeO 2 , -2.09 X 10-4; 10.8% GeO 2 , -2.61 X 10-4. One can see from these data that the index profile would deviate from the power-law shape. However, the data show that the deviation in index at any point with this appreciable variation in wavelength is quite small. It is -3% of the known variation in index in each layer resulting from unwanted changes in composition occurring during fabrication. Additionally, it falls within the standard deviation of many profile measurement schemes.
Using the mixed Sellmeier model the wavelength of zero material dispersion was determined for the entire range of GeO 2 -SiO 2 glasses. The resultant data are compared with dispersion measurements on glasses of various germanium silicate concentrations in Fig. 11 . The measured material dispersion was obtained on bulk 5 1 4 , 1 7 , 25 and fiber specimens. 2 9 30 This data suggest that the actual curve describing the dependence of the zero point on composition might be more convex upward than indicated by the model.
IV. Conclusion
The refractive-index dispersion of GeO 2 glass has been shown to deviate significantly from that of SiO 2 . The calculated material dispersion goes to zero at 1.738 ,um. A model was presented which is based on the Sellmeier dispersion formula. The model uses a linear variation in its parameters from those for SiO 2 to those for GeO 2 . Without an attempt to minimize residuals, the model fits the data with approximately the same precision as linear regression. Furthermore, it is applicable to obtaining estimates of other dispersion information for the system at any wavelength. Over limited composition ranges the model predicts an approximately linear dependence on composition for n *-PAYNE + HARTOG *-FLEMING and dnld X. However, it is shown that even the slight nonlinearity is sufficient to cause changes in profile dispersion.
Bulk sample dispersion measurement data were used to show the actual variation in index from that predicted using the no profile dispersion approximation. While these data show statistically significant nonlinearity between dn/d X and n, the resultant variation in index profile is below the resolution of current profile measurement techniques. Additionally, current lightguide fabrication techniques incorporate numerous structural perturbations which cause the fiber core to deviate from any given predicted optimum shape. Therefore, although profile dispersion is present in GeO 2 -SiO 2 fibers, the constant profile dispersion assumption is now considered a reasonable approximation.
